The pathogenesis of intraperitoneaUy injected ME7 scrapie has been studied in two Sinc genotypes of mice which gave predictable but widely different incubation periods. Comparisons were made with three other mouse scrapie models and one model in hamsters (involving different strains of agent and an untyped isolate from sheep). Average incubation periods ranged from 114 days in the fastest model (263K/hamsters) to 482 days in the slowest (ME7/Sinc p7 mice). There were only small differences between models in the times of onset of replication in spleen and cervical lymph nodes. We suggest that the lymphoreticular stage of pathogenesis initiates neuroinvasion in the peripheral nervous system within a few days to a few weeks of infection. Thereafter, pathogenesis appears to be dominated by neural events and replication in brain becomes detectable after approximately 54 9/0 of the remaining incubation period has elapsed, irrespective of its length. It is concluded that the differences between incubation periods of the six scrapie models depend mainly on the rate of a continuous process of replication and spread of infection in the peripheral and central nervous system, which is predetermined by scrapie strain and host genotype. The unpredictability of some other scrapie models (and the natural disease) could be explained by additional factors which restrict neuroinvasion from the lymphoreticular system.
INTRODUCTION
A classic study by Eklund et al. (1967) first demonstrated that scrapie infection by non-neural peripheral routes leads to replication in the lymphoreticular system (LRS) before it occurs in the central nervous system (CNS). The lengthening of incubation period by splenectomy (Fraser & Dickinson, 1970 Clarke & Haig, 1971) or genetic asplenia (Dickinson & Fraser, 1972) suggests that replication in the spleen contributes directly to neuroinvasion, but the absence of an effect after thymectomy (McFarlin et al., 1971 ; Fraser & Dickinson, 1978) indicates that only some tissues or cell types in the LRS are important in pathogenesis.
A series of studies of 139A scrapie showed that there is a common pathogenetic pathway following intraperitoneal (i.p.), intravenous or subcutaneous infection, despite a 1000-fold range in the relative efficiencies of these routes (Kimberlin & Walker, 1978 . Neuroinvasion is a predictable event (Kimberlin & Walker, 1979) and the major neuroinvasive pathway from the LRS appears to be via visceral sympathetic fibres to mid-thoracic cord (Kimberlin & Walker, 1980) . Infection subsequently spreads throughout the CNS (Kimberlin & Walker, 1982) and the peripheral nervous system (PNS) (Kimberlin et al., 1983a) and, with 139A scrapie, the rate of spread is about 1 mm/day (Kimberlin & Walker, 1982; Kimberlin et al., 1983b) . Studies of intrasciatic nerve injection showed that infection could spread directly from the PNS to the CNS (Kimberlin et al., 1983b) , and spread within neurons was demonstrated using the intraocular route (Fraser, 1982; Buyukmihci et al., 1983; Fraser & Dickinson, 1985; Kimberlin & Walker, 1986) .
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Most of these studies were based on two short incubation models of scrapie and it is not known whether the 'LRS-visceral sympathetic-spinal cord' pathway is common to all experimental models of scrapie. One reason for thinking that it might be is that it provides a physical basis, linking LRS to CNS, that can account for the uniformly predictable incubation periods seen in all but one (see Discussion on 87V scrapie) of the well characterized models of rodent scrapie (Dickinson & Fraser, 1977) . In many models of mouse scrapie, incubation period is a precise function of only three major variables. The effective dose (Kimberlin & Walker, 1979) , the strain of scrapie agent and the Sinc genotype all influence the dynamics of replication in the LRS and CNS, but there is a marked disparity in the size of the effects produced by the Sinc gene in these two tissue systems. In particular, the onset of detectable replication in brain cannot be predicted from the time of onset of replication in spleen (Kimberlin & Walker, 1988b) . This suggests that the neuroinvasive process may be initiated soon after infection and that differences in incubation period reflect differences in the tempo of neuropathogenesis.
The present study seeks to define the basis of the different incubation periods of individual scrapie models with particular emphasis on the rules governing neuroinvasion. We have measured accurately the time when replication becomes detectable in spleen, lymph nodes and brain in two relatively long incubation models of scrapie which differ only in the Sinc genotype of mice. Comparisons are made with previous results from two quicker scrapie models and with data from unpublished studies of primary and secondary passage of a natural sheep scrapie isolate in mice.
METHODS
Studies used outbred, specific pathogen-free, female Compton White (CW) mice (Sinc sT) and IM/Dk (SincpT), injected as young adults with 30 gl of scrapie inoculum intracerebrally (i.c.) or 100 gl i.p. The ME7 strain of scrapie was supplied by Dr A. G. Dickinson after cloning by two serial i.c. passages at limiting dilution in C57BL mice. It was passaged again, at low dilution, in either CW or IM mice. To set up the main experiment, separate brain pools were collected from clinical cases and 10~ whole brain homogenates in saline were injected i.p. The CW mice received 105.7 LDs0 i.c. units of the ME7/CW brain pool and IM mice received 105.9 LDso i.c. units of the ME7/IM brain pool. From previous studies (Kimberlin & Walker 1988b) , the effective i.p. dose would be expected to be at least 100-fold lower. The incubation periods of ME7 were 214 + 2 days (mean + S.E.M.) in CW mice and 482 + 4 days in IM mice.
Groups of three CW mice were randomly selected at weekly intervals for the first 25 weeks (175 days) of incubation and two separate groups were selected at the clinical stage. At each sampling point, spleens, cervical lymph nodes and brains were carefully removed (Kimberlin & Walker, 1979) and 5 ~ homogenates of each tissue pool were prepared in saline for bioassay. The same procedures were used with groups of three IM mice except that brain pools were assayed each week for 46 weeks (322 days) and at the clinical stage; spleen and lymph node pools were assayed each week for 30 weeks (210 days), and thereafter at 2-week intervals up to 45 weeks (315 days). All bioassays were performed with groups of eight CW mice injected i.c. The mice were observed for up to 400 days and incubation periods were calculated to the time of the first consistent, positive clinical score. The detection limit of the bioassay, using 30 gl of a 5~ homogenate, was about 1 LDs0 i.c. unit/mg wet weight of tissue.
Average incubation periods in groups of assay mice were plotted inversely against the time after infection to give replication curves of scrapie in different tissues (Kimberlin & Walker, 1979) . The curves in Fig. 1 and 2 were formed solely from groups in which all the assay mice developed scrapie, and replication was clearly indicated by the progressive reduction of the average incubation period of consecutive groups of assay mice. A dose-incubation curve in CW mice, derived from five separate titrations of ME7 infectivity in clinically affected brains, enabled infectivity to be estimated, as Shown on the right-hand ordinate of Fig. 2 . One of these dose-incubation curves has already been published (Kimberlin et al., 1987) . There was no difference between the dose-incubation curves of ME7/CW brain inoculum and ME7/IM brain inoculum when compared in a single experiment in CW mice. Dose-incubation curves were not made for ME7 in homogenates of spleen or lymph nodes but it is expected that they would be similar to ME7 in brain.
RESULTS
In the main experiment, both strains of mice were infected i.p. with similar doses of ME7 scrapie. The incubation period in IM (Sinc pT) mice (482 + 4 days) was more than double that found in CW mice (214 + 2 days) (SincS7). Despite these large differences in incubation period, the replication curves of ME7 scrapie in spleen were almost identical in the two mouse strains (Fig. 1 a) . Both curves started with comparatively high infectivities at the 1-week sampling points. This was probably due to an early uptake, by spleen, of much of the injected inoculum (Millson et al., 1979) which might have obscured small differences at the start of the two replication curves. In fact an earlier study, using lower i.p. doses of ME7, revealed a 4-week delay in the onset of replication in the spleens of Sinc p7 mice compared to Sinc s7 mice .
Both the lymph node curves started at much lower levels of infectivity ( Fig. 1 b) . The onset of replication in the Sinc p7 mice was delayed by about 2 weeks compared to the Sinc s7 mice. This difference appeared to be amplified by a slightly slower replication rate in Sinc p7 mice to give a difference of 6 to 8 weeks in the time when maximum levels of infectivity were reached (Fig. 1 b) .
In mouse scrapie, infectivity titres in tissues outside the CNS invariably reach a plateau concentration (see Kimberlin & Walker, 1988b) . Fig. 1 shows that ME7 infectivity attained similar levels in spleen and lymph nodes, and in both strains of mice. However, all four curves showed a steady decline in infectivity over long periods of time. In Sinc ~7 mice, the decline of infectivity between 10 and 25 weeks was significant (P < 0-001 ; linear regression analysis) for both spleen and lymph nodes, and the same was true for spleen (9 to 45 weeks; P < 0.001) and lymph nodes (17 to 45 weeks; P < 0-05) of Sine p7 mice. A similar decline has been reported for 139A scrapie (Clarke & Haig, 1971) . We suggest that it is caused by a gradual loss of infected cells from the non-replaceable populations in lymphoid tissues (see Clarke & Kimberlin, 1984; Fraser & Farquhar, 1987) . Fig. 2 shows that the onset of ME7 replication in brain was much earlier in Sine s7 mice (14 weeks) than in Sinc p7 mice (35 weeks). These times were in almost exactly the same proportion as the respective incubation periods (46 ~o and 51 ~; Table 1 ). In agreement with earlier findings , the infectivity titres in brain at the clinical stage of scrapie were similar in the two Sinc genotypes. Although the assay of brain samples was stopped before the end of the incubation, extrapolation of both curves (especially that for Sinc p7 mice) suggests that infectivity in brain would have reached plateau levels before clinical cases started to appear. Similar plateaus have been observed in some other scrapie models of relatively long incubation period (see Kimberlin & Walker, 1988b) . There was also a suggestion that the rate of replication in Sinc p7 mice might have been slower than in Sinc ~7 mice. Kimberlin & Walker (1986) . :~ Data taken from four experiments in Kimberlin & Walker (1979 , 1980 . § Unpublished data (R. H. Kimberlin & C. A. Walker). HP-1 and HP-2 refer to 1st and 2nd i.p. passage in CW mice of scrapie from a brain pool from five natural scrapie cases in Herdwick sheep.
II Apart from percentages, all the numbers are days, given as single values, ranges or means +S.E.M. ¶ NO, Not determined.
DISCUSSION
The conclusion from the studies of ME7 scrapie is that the Sinc gene has a major effect on the onset of detectable replication in brain, which was in direct proportion to the incubation periods in the two mouse genotypes (Table 1) . This clearly demonstrates an effect of Sinc on the neural stage of pathogenesis. In contrast, the Sinc gene had a very small effect on the onset of replication (and perhaps the rate of replication) in spleen and lymph nodes (Fig. 1 b) . It is not known whether these effects of the Sinc gene are exerted on neural elements in the LRS or on non-neural cells.
Similar studies of scrapie pathogenesis have been made using a different strain of agent (139A) in Sinc s7 mice and also a third strain (263K) in golden hamsters. We also have data from an untyped source of natural scrapie in Herdwick sheep at primary i.p. passage in Sinc s7 mice (HP-1) and also at second passage (HP-2) when the incubation period was greatly reduced. These studies provide comparative data, derived by similar methods, on six models of i.p. injected scrapie, which together give a range in the average incubation period from 114 days to 482 days (Table 1) . Analysis of the combined results reveals a simple common basis for differences in incubation period due to either host genotype or scrapie strain. There was a strict correlation between the onset of detectable replication in brain and incubation period (Fig. 3) . The statistical significance was the same (P < 0.001) using data from all six models or just the five models in mice. The intercept for the mouse data was 42 days after infection (Fig. 3) . This value is very dependent upon the points at either end of the line and exclusion of any one of these gave an intercept in the range of 21 to 49 days. During this period scrapie replication had become detectable in the spleen and lymph nodes in all the models tested, irrespective of the eventual incubation period (Table 1) . We therefore suggest that with all the mouse scrapie models, replication in the LRS is only necessary for a few weeks. If the spleen is the major source of infectivity for neuroinvasion, it may be possible to determine the exact length of the obligatory LRS phase for each mouse scrapie model by splenectomy at different times after infection. In hamsters 263K is exceptional in being highly neuroinvasive independently of the spleen and lymph nodes (Kimberlin & Walker, 1977 Czub et al., 1986) and inclusion of this model in the regression analysis shifted the intercept to 24 days (Fig. 3) .
In the five mouse scrapie models, replication in the brain became detectable (by the methods used) after 57~ of the remaining incubation period had elapsed [this is the slope of the regression line which is described by the equation: onset = (incubation -42) x 0-57 days (Fig.  3) ]. The intercept (42 days) indicates an average length of the obligatory LRS phase, and it follows that both the period from the end of this phase to the onset of replication in brain, and the subsequent period up to the start of clinical disease, increase proportionately with increasing incubation period (Table 1) . Because the obligatory LRS phase is so short, this proportionality is clearly revealed by comparing incubation periods in relation to the onset of detectable. replication in brain, instead of from the time of infection (Fig. 4) . In other words, the incubation period of scrapie is dominated by a continuous pathogenetic process which is initiated within a few days or weeks after infection. We suggest that this process is entirely neural, starting with infection of peripheral nerve endings associated with the LRS, followed by a gradual process of replication and spread of scrapie agent to the CNS. Replication in the clinical target areas of the CNS (Kimberlin & Walker, 1983) then drives the production of cell damage (loss or dysfunction) which causes the disease. Previously, we discussed the evidence that scrapie replication in the nervous system is restricted to a finite number of cells, and we suggested that these cells could be mainly neurons (Kimberlin & Walker, 1988 b) . The observed rate of scrapie replication is a function of two processes which are probably interrelated: the intrinsic replication rate in cells to which infection has spread and the rate of spread to other permissive cells (Kimberlin & Walker, 1988a) . We propose that the tempo of scrapie neuropathogenesis is governed by the rate of either one of these processes, which is predetermined by agent strain and host genotype (e.g. the Sin~c gene in mice), and that this is the basis of the different but highly predictable incubation periods of many scrapie models.
The variety of scrapie models represented in Fig. 3 (including a primary isolation from sheep) makes it likely that the same type of control governs the neuropathogenesis of all scrapie strains in all host species including sheep, in which the Sip gene appears to be the ovine analogue of Sine in mice (Dickinson & Fraser, 1979) . We also suggest that the highly variable incubation periods of some scrapie models (Outram et al., 1973; Hotchin & Buckley, 1977) involves the preceding, LRS stage of pathogenesis. These models are difficult to investigate, but studies of one of them, 87V scrapie in Sinc p7 mice, indicate a possible basis for variability. A relatively high i.p. dose of 87V produced scrapie cases but with a very wide distribution of incubation periods and preliminary studies suggest that the onset of replication in brain was at a much later stage of incubation than with any of the scrapie models in Table 1 (Bruce, 1985) . Lower doses failed to produce either scrapie cases or evidence of neuroinvasion, despite the persistence of high scrapie titres in spleen (Collis & Kimberlin, 1985) . These studies suggest that variability in incubation period is related to restrictions on the spread of infection from LRS to CNS (Kimberlin & Walker, 1988 b) . This view is supported by the use of i.c. infection with 87V, to bypass the LRS stage of pathogenesis, which resulted in highly uniform incubation periods for a given dose (Bruce, 1985; Collis & Kimberlin, 1985) .
The restricted neuroinvasion of 87V scrapie is extremely important because it probably has its parallels in natural scrapie. Epidemiological evidence suggests the existence of infected carriers which can be a source of infection to other sheep without themselves necessarily developing the clinical disease (Dickinson, 1976; Kimberlin, 1979) . This suggests that quite apart from the role of the LRS in the pathogenesis of natural scrapie (Hadlow et al., 1982) , it also acts as a large extraneural reservoir from which infection spreads maternally and/or horizontally to other sheep. We also think it possible that these separate roles of the LRS may be independent of each other, involving separate cell populations or compartments, with limited spread of infection between the two. This idea is based on the evidence, using low doses of 87V scrapie, that high infectivity titres can persist in the spleen (and presumably other LRS tissues) without neuroinvasion occurring within an observation period of 1-5 years (CoUis & Kimberlin, 1985) . The results of a study of transmissible mink encephalopathy (TME; a disease closely related to scrapie) may be an illustration of the converse situation, namely neuroinvasion without high titres of infectivity building up anywhere in the LRS (Hadlow et al., 1987) . As these authors point cut, low infectivity in the LRS could explain why TME rarely, if ever, spreads naturally from mink to mink. Attempts have been made to define the properties of the lymphoreticular ceils involved in the neuroinvasion of scrapie (Kuroda et al., 1983; Clarke & Kimberlin, 1984; Fraser & Farquhar, 1987) but details of this key stage in pathogenesis remain unknown.
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